Aim: FMS-like receptor tyrosine kinase (FLT3) is expressed in some normal hematopoietic cell types and plays an important role in the pathogenesis of acute myeloid leukemia (AML). In this study, we examined the effects of triazoloacridinone C-1305, an antitumor compound, on AML cells with different FLT3 status in vitro. Methods: A panel of human leukemic cell lines with different FLT3 status was used, including FLT3 internal tandem duplication mutations (FLT3-ITD, MV-4-11), wild-type FLT3 (RS-4-11) and null-FLT3 (U937) cells. Cell proliferation was estimated using MTT assays, and apoptosis was studied with flow cytometry and fluorescence microscopy. FLT3 kinase activity (phosphorylation of FLT3 at Tyr591) was determined with ELISA and Western blotting. FLT3 downstream signaling proteins involving AKT, MAPK and STAT5 were examined by Western blotting. RNA silencing was used to decrease the endogenous FLT3. Results: The mutant FLT3-ITD cells were more sensitive to C-1305 than the wild-type FLT3 and null-FLT3 cells (the IC 50 values measured at 24 h were 1.2±0.17, 2.0±09, 7.6±1.6 µmol/L, respectively). C-1305 (1-10 µmol/L) dose-dependently inhibited the kinase activity of FLT3, which was more pronounced in the mutant FLT3-ITD cells than in the wild-type FLT3 cells. Furthermore, C-1305 dose-dependently decreased the phosphorylation of STAT5 and MAPK and the inhibitory phosphorylation of Bad, and induced timeand dose-dependent apoptosis in the 3 cell lines with the null-FLT3 cells being the least susceptible to C-1305-induced apoptosis. Knockdown of FLT3 with siRNA significantly decreased C-1305-induced cytotoxicity in the mutant FLT3-ITD cells. Conclusion: C-1305 induces apoptosis in FLT3-ITD-expressing human leukemia cells in vitro, suggesting that mutated FLT3 kinase can be a new target for C-1305, and C-1305 may be a drug candidate for the therapeutic intervention in FLT3-associated AML.
Introduction
FMS-like receptor tyrosine kinase 3 (FLT3), a member of the class III tyrosine kinase family, is expressed in some normal hematopoietic cell types [1, 2] and plays an important role in the pathogenesis of acute myeloid leukemia (AML) [3] . FLT3 mutations are among the most common abnormalities in acute myeloid leukemia, affecting more than one third of all AML patients [4] . Two major classes of mutation are associated with AML, internal tandem duplications (ITD) in the juxtamembrane domain of FLT3 and point mutations within the activation loop of the FLT3 tyrosine kinase domain (TKD) [5, 6] . Internal tandem duplications lead to the constitutive, ligandindependent activation of FLT3 kinase [7] , which correlates with a poor prognosis [8, 9] . Therefore, FLT3 kinase is one of the most attractive targets for therapeutic intervention in AML. Accordingly, various FLT3 inhibitors have been tested in clinical trials, both as monotherapy and in combination with chemotherapy [10] , but the responses are incomplete and are often limited by acquired resistance during treatment [10, 11] . For this reason, the identification of novel FLT3 inhibitors with higher potency is required.
5-Dimethylaminopropyloamino-8-hydroxytriazoloacridinone (C-1305) ( Figure 1A ) is the most potent triazoloacridinone derivative synthesized in the Department of Pharmaceutical Technology and Biochemistry at the Gdańsk University of Technology [12] . This drug exhibited significant cytotoxic activity in vitro towards a panel of human cell lines in the NCI screening system (Bethesda, MD, USA) and displayed high antitumor activity against several experimental tumors in mice [13] . During biotransformation, C-1305 is not a substrate www.nature.com/aps Augustin E et al Acta Pharmacologica Sinica npg of cytochrome P450 but is metabolized by the flavin monooxygenases FMO1 and FMO3 [14] and by UDP-glucuronyltransferases [15] . Selective cellular expression of UGT1A10 increases the cytotoxic response of C-1305 [16] , and this compound up-regulates selected cytochrome P450 isoenzymes in HepG2 cells [17] . Studies of the molecular mechanism of action revealed that C-1305 is a topoisomerase II inhibitor and binds covalently to DNA in tumor cells [18] . Interestingly, in contrast to other topoisomerase II poisons, C-1305 has a strong anti-proliferative effect against cells lacking functional poly(ADP-ribose) polymerase1 (PARP-1), which is involved in DNA repair [19] . On the cellular level, C-1305 induces irreversible arrest in the G 2 /M phase of the cell cycle followed by apoptosis in human leukemia cells [20] . C-1305 is the close structural analogue of the anticancer compound imidazoacridinone C-1311 [21] , which reached phase II clinical trials [22] . Among its many unique features (for review see [23] ), C-1311 was found to be a selective inhibitor of FLT3 kinase in a cell-free kinase assay [24] . In this study, we examined the cellular effects of C-1305 on human acute myeloid leukemia cells with different FLT3 status: MV-4-11 (FLT3-ITD), RS-4-11 (wild-type FLT3), and U937 (null-FLT3). Specifically, we asked whether C-1305 inhibited the FLT3 kinase activity in AML cells and if it did, whether the inhibition of FLT3 kinase activity by C-1305 had an impact on downstream FLT3 signaling pathways and apoptosis in the cells tested.
Materials and methods
Chemicals and antibodies C-1305 was synthesized as the dihydrochloride in our Department. The compound was more than 98% pure as determined by HPLC and NMR. A stock solution of C-1305 was prepared in 50% (v/v) ethanol, stored at -20 ºC, and freshly dissolved in water before use. The 5,5′,6,6′-tetra-chloro-1,1′,3,3′-tetraethylbenzimidazolyl-carbocyanine iodide, JC-1, was purchased from Molecular Probes (Eugene, OR, USA). All other chemicals, unless otherwise stated, were obtained from SigmaAldrich (St Louis, MO, USA).
Cell culture and growth inhibition assays
The MV-4-11, RS-4-11, and U937 cell lines were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). Cells (mycoplasma-free as determined by using the Universal Mycoplasma Detection Kit, ATCC-30-1012K) were cultured in RPMI 1640 medium (Sigma-Aldrich, St Louis, MO, USA) containing 10% fetal bovine serum and antibiotics (100 U/mL penicillin, 100 µg/mL streptomycin). Cells were maintained at 37 °C in a 5% CO 2 atmosphere. All of the experiments were performed with cells in the exponential phase of growth.
To estimate cell viability, MTT assays were performed. Briefly, cells were seeded into 6-well plates (5×10 5 cells/well for 24 h, 2.5×10 5 cells /well for 48 h, 1×10 5 cells/well for 72 h) and were treated with increasing concentrations of C-1305. After treatment, 0.5 mg/mL MTT was added into each well, and the plates were incubated for 4 h at 37 °C. Medium was then removed by centrifugation, and the precipitated formazan crystals were dissolved in DMSO. Absorbance at 540 nm was measured with a microplate reader (iMARK TM , BIO-RAD, Hercules, CA, USA). The cytotoxic effect of C-1305 treatment was expressed as the concentration of the drug required to inhibit cell growth by 50% compared to untreated control cells (IC 50 value). The IC 50 value was determined by plotting survival as a function of dose.
Phospho-FLT3 and total-FLT3 ELISA The levels of the total and phosphorylated FLT3 (Tyr591) were determined using PathScan Total FLT3 and PathScan Phospho-FLT3 (Tyr591) Sandwich ELISA Kits (Cell Signaling Technology, Danvers, MA, USA), respectively. Briefly, MV-4-11 and RS-4-11 cells were seeded at 5×10 6 cells per 100 mm Petri dish and treated with C-1305 for 24 and 48 h. At the end of the drug treatment, cells were lysed with the Cell Lysis Buffer (Cell Signaling Technology, Danvers, MA, USA) supplemented with a protease inhibitor cocktail (Roche, Mannheim, Germany), and phosphatase inhibitors (50 mmol/L β-glycerolophosphate, 1 mmol/L PMSF, 1 mmol/ L sodium orthovanadate). After 20 min incubation on ice, lysates were centrifuged at 14 000 rpm for 15 min at 4 °C. Supernatants, containing equal amounts of total protein, were then analyzed to measure both phosphorylated-FLT3 (Tyr 591) and total FLT3 levels.
Cell cycle analysis
Analysis of DNA content was performed as described previously [20] . Briefly, cells (1×10 6 ) were stained with propidium iodide (PI) and analyzed by FACScan (Becton Dickinson, San Jose, CA, USA).
Morphological examination
The nuclear morphology of cells was examined with a fluorescence microscope (Olympus BX60, Tokyo, Japan) after staining with 4',6-diamidino-2-phenylindole (DAPI). Following treatment with C-1305, cells (approximately 2×10 5 ) were spun onto microscope slides, fixed in methanol:acetic acid (3:1) for 15 min and stained with 1 μg/mL DAPI for 5 min. Slides were examined with a 40× objective and photographed using an AxioCam digital camera (Zeiss, Jena, Germany).
Annexin V/PI flow cytometry analysis
The Annexin V-FITC binding assay was carried out using an Annexin-V-Flous Staining Kit (Roche, Mannheim, Germany) according to the manufacturer's instructions. Briefly, following treatment with C-1305, cells (1.5×10 6 ) were washed twice with ice-cold PBS, pelleted and resuspended in Annexin V-FITC binding buffer. FITC-conjugated Annexin V and PI were added at the manufacturer's recommended concentrations. After staining, cells were analyzed by flow cytometry within 1 h.
Measurement of mitochondrial membrane potential (∆Ψ m )
Changes in mitochondrial membrane potential (∆Ψ m ) were analyzed by flow cytometry using JC-1 dye as described earlier [25] . Briefly, after C-1305 treatment, cells (1×10 6 ) were stained with JC-1 (10 µg/mL) for 15 min at room temperature in the dark. The loss of ∆Ψ m was monitored by flow cytometry based on the decrease in JC-1 red fluorescence accompanied by an increase in green fluorescence.
Caspase-3 activity Caspase-3 activation was determined using the Active Caspase-3 Apoptosis Kit (BD Pharmingen, San Diego, CA, USA) according to the manufacturer's instruction. Briefly, cells (1×10 6 ) stained with FITC-conjugated anti-active caspase-3 antibody were analyzed by flow cytometry.
Western blot analysis
The analyses of protein expression and phosphorylation were conducted using standard protocols for whole-cell extract preparation as described previously [26] . Approximately 5×10
6
MV-4-11 and 1×10 7 RS-4-11 cells were exposed to varying concentrations of C-1305 for the indicated times. In the case of the RS-4-11 line, cells at the end of drug treatment were washed twice with serum-free medium and then incubated with 100 ng/mL of the FLT3 ligand (Cell Signaling Technology, Danvers, MA, USA) for 15 min at 37 °C. Cells were washed twice with ice-cold PBS and lysed with radioimmunoprecipitation assay buffer (50 mmol/L Tris-HCl (pH 7.4), 5 mmol/L EDTA, 1% Nonidet P-40, 150 mmol/L NaCl, 0.1% SDS, protease inhibitor cocktail (Roche Diagnostics), 0.5% sodium deoxycholate, 50 mmol/L NaF, 50 mmol/L β-glycerolophosphate, 1 mmol/L PMSF, 1 mmol/L sodium orthovanadate) for 20 min on ice with brief vortexing every 5 min. The lysates were then centrifuged at 14 000 rpm for 15 min at 4 °C. The same amount of protein (~30 µg) was analyzed by SDS-polyacrylamide gel electrophoresis and then transferred onto a nitrocellulose membrane. The membrane was probed with the corresponding primary anti-phospho-FLT3 (Tyr591), anti-AKT, anti-phospho-AKT (Ser473), anti-p44/42 MAPK (Erk1/2), anti-phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204), anti-Stat5, antiphospho-Stat5 (Tyr694), anti-Bad, anti-phospho-Bad (Ser136), anti-PARP (Cell Signaling Technology), or anti-β-actin (SigmaAldrich, St Louis, MO, USA). The membrane was then incubated with a horseradish peroxidase-conjugated secondary antibody (Cell Signaling Technology) and visualized with the enhanced chemiluminescence kit, SuperSignal West PICO Chemiluminescent Substrate (Fisher Scientific, Pittsburgh, PA, USA). Densitometric analysis of protein bands was performed using ImageJ software (NIH, Bethesda, MD, USA).
Depletion of FLT3-ITD by RNA silencing Transfection of cells with FLT3 small interfering RNA (siRNA) or scrambled RNAi oligonucleotide (Ambion Life Technologies, Grand Island, CA, USA) was performed using the DMIR-C reagent suitable for transfection of suspension cells (Invitrogen, Carlsbad, CA, USA). Briefly, cells were washed with serum-free RPMI medium, and then 2.5×10
6 cells were treated with a mixture of DMIR-C and siRNA (75 pmol). After 5 h, RPMI medium containing 15% FBS was added, and the cells were left to recover overnight. The next day, the cells were washed once with serum-free RPMI medium, suspended in fresh complete growth medium and exposed to C-1305 for 24 h. Cell viability was measured using an MTT assay as described above. The efficiency of siRNA-mediated depletion of FLT3 kinase was determined by Western blot analysis.
Statistical analysis
All of the data are reported as the mean±SD. Pairs of values were compared with Student's unpaired t-test, and the difference was considered significant if P<0.05. Analysis of variance (one-way ANOVA) was carried out using GraphPad Software (San Diego, CA, USA).
Results
C-1305 inhibits the phosphorylation of the internal tandem duplication mutant (MV-4-11) and the wild-type (RS-4-11) FLT3 To determine the ability of C-1305 to inhibit FLT3 in the cellular environment, we measured the inhibition of FLT3 autophosphorylation in the human leukemia cell line MV-4-11, which harbors a homozygous FLT3-ITD mutation, and in RS-4-11 cells, which express wild-type FLT3. Preliminary ELISA experiments ( Figure 1B) showed that autophosphorylation of FLT3 was inhibited in MV-4-11 and RS-4-11 cells by C-1305 treatment for 24 h in a dose-dependent manner. Interestingly, at the lower drug concentration (1 µmol/L), this inhibitory effect was visible only in RS-4-11 cells. Simultaneously, at this concentration, there was no change in the total expression level of FLT3 protein in either cell line. At the higher dose, 10 µmol/L, FLT3 inhibition was more evident in the FLT3-ITD mutant cells than in the RS-4-11 cells. The expression level of the FLT3 protein was also decreased in both cell lines at the 10 µmol/L concentration. After a longer incubation time (48 h), C-1305 inhibited FLT3 autophosphorylation only in the mutant MV-4-11 cells, and it had a slight effect on the expression of total FLT3 in these cells ( Figure 1C ). In the wildtype RS-4-11 cells, the total expression level of FLT3 protein decreased significantly, but we did not observe the inhibition of FLT3 autophosphorylation ( Figure 1C ).
The observation that the phosphorylation of the wild-type FLT3 receptor, after the initial decrease following 24 h treatment, returned to the baseline level prompted us to assess whether such changes resulted from simple technical issues regarding the analysis of FLT3 phosphorylation or the treatment conditions. In RS-4-11 cells, phosphorylation of the wild-type FLT3 receptor takes place following the binding of the exogenous FLT3 ligand (FL) [27] . Thus, to achieve experimental conditions better reflecting the physiological situation, we treated RS-4-11 cells with C-1305, and the FL (100 ng/mL) was added for 15 min at 37 °C to prepare the cell lysates for Western blot analysis. Given that the MV-4-11 cells, due to the ITD mutation in the FLT3 receptor, have constitutively active, autophosphorylated FLT3 in the absence of exogenous ligand stimulation [28] , those cells were not exposed to FL. As shown in Figure 1D , C-1305 significantly blocked ligand-independent 
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Acta Pharmacologica Sinica npg phosphorylation of FLT3-ITD kinase in a time-and dosedependent manner. C-1305 inhibited the ITD-mutant protein phosphorylation even after a short 3-h exposure of MV-4-11 cells to the drug. This effect was intensified after prolonged drug treatment; there was a 50% inhibition of FLT3-ITD phosphorylation at approximately 1 µmol/L of C-1305 after a 24-h exposure. C-1305 also diminished FL-dependent phosphorylation of wild-type FLT3 kinase in RS-4-11 cells in a time-and dose-dependent manner ( Figure 1D) ; however, higher concentrations were required for blocking the phosphorylation of wild-type FLT3 than for FLT3-ITD. Even after prolonged drug exposure (48 h), 50% inhibition of wild-type FLT3 phosphorylation was obtained between 1 and 5 µmol/L of C-1305.
C-1305 inhibits the proliferation of AML cells
To determine whether the inhibition of FLT3 contributes to cell growth inhibition, we tested the activity of C-1305 against MV-4-11 and RS-4-11 cells using MTT assays. As a cellular selectivity control, we measured the effect of C-1305 on the proliferation of U937 cells, which lack FLT3 expression. We showed that MV-4-11 cells (FLT3-ITD) were the most sensitive to C-1305 treatment among the AML cell lines tested, and this effect was visible after 24 h of drug exposure ( Table 1) . The RS-4-11 cells (wild-type FLT3) were less sensitive to C-1305, and the U937 cells (null-FLT3) showed the lowest sensitivity to the drug. However, following a longer incubation time (72 h), both the RS-4-11 and the U937 cell lines exhibited similar cytotoxic activity (IC 50 =0.3 µmol/L and 0.35 µmol/L, respectively), but they were still ~4.5-fold less sensitive to C-1305 than the FLT3-ITD (MV-4-11) cells (IC 50 =0.07 µmol/L). These results suggest that blocking the mutated FLT3-ITD kinase may significantly contribute to overall C-1305 cytotoxicity.
C-1305 inhibits the FLT3-dependent phosphorylation of AKT, MAPK, and STAT5
To characterize the effects of C-1305 on FLT3 inhibition, we investigated the modulation of AKT, MAPK, and STAT5, which are downstream targets of FLT3 and are key proteins in cell growth and proliferation [29] [30] [31] . In addition, we examined whether C-1305 affects Bad, a pro-apoptotic protein, which, apart from being a substrate for AKT and MAPK phosphorylation [32] , is also one of the principal molecules of the FLT3/ ITD-mediated anti-apoptotic cell survival pathway in AML [33] .
MV-4-11, RS-4-11, and U937 cells were treated with increasing concentrations of C-1305 for 3, 24, and 48 h, and Western blot analysis was used to detect phosphorylated and total levels of the AKT, MAPK, STAT5 and Bad proteins. To determinate whether the changes in protein phosphorylation occurred as a result of the disruption of cellular signaling or decreased protein expression or induced cell death, the ratio of phospho-to total level of the tested proteins was determined and normalized to that of untreated cells. As shown in Figure 2 , shortterm incubation (3 h) of MV-4-11 (FLT3-ITD) cells with C-1305 had no effect on the phosphorylation and the total expression of AKT and MAPK. In contrast, a profound reduction in the phosphorylation of STAT5 accompanied by a moderate decrease in the level of phosphorylated Bad was observed at a high concentration (10 µmol/L) of the drug. Total STAT5 and Bad protein expression was unaffected by the treatment.
Prolonged incubation with C-1305 for 24 and 48 h resulted in a marked, dose-dependent decrease in the phosphorylation of AKT. However, an almost complete reduction of total AKT protein content was observed at a higher drug concentration (10 µmol/L) after 24 h exposure, suggesting that the inhibition of AKT phosphorylation resulted from a direct effect of C-1305 on the AKT level rather than from an interference with FLT3 signaling. In contrast, C-1305 decreased the phosphorylation of MAPK in a dose-and time-dependent manner but had no such effect on the overall expression of the MAPK protein in contrast to the effect on AKT. The decrease of STAT5 phosphorylation detected after 3 h of C-1305 incubation was more pronounced following 24 and 48 h of drug exposure, and the level of total STAT5 decreased only at 10 µmol/L (Figure 2) . Nevertheless, a progressive decrease of the phospho-STAT5/STAT5 ratio following C-1305 treatment compared with untreated cells suggests that C-1305 initially inhibits STAT5 signaling by affecting its phosphorylation and then by down-regulating its total level. Similarly, a dose-and timedependent inhibition of phosphorylation of Bad was observed. After 24 h exposure to C-1305, phosphorylation of Bad significantly decreased, with complete inhibition observed at a concentration of 10 µmol/L, while total Bad protein expression was largely unaffected even at a high dose. A decrease in total Bad protein was noticeable only after prolonged (48 h) exposure to 10 µmol/L of C-1305. Consistent with the less potent inhibition of wild-type FLT3 kinase observed after 3-h exposure, the inhibitory effects of C-1305 on FLT3 downstream targets were attenuated in FLT3 ligand-stimulated RS-4-11 cells compared with MV-4-11 cells carrying constitutively active FLT3-ITD (Figure 3) . C-1305, following 3-h administration did not significantly affect MAPK and STAT5 phosphorylation, although a slight inhibition of AKT and Bad phosphorylation at higher doses were observed. Total protein expression was unaffected by the treatment. The levels of phospho-AKT and phospho-MAPK progressively decreased following 24 and 48 h of C-1305 treatment, whereas the total level of these proteins did not significantly change. Consistent with the inhibition of AKT and MAPK phosphorylation, a time-and dose-dependent reduction of phospho-Bad Figure 3) . Interestingly, in RS-4-11 cells, the levels of phospho-and total STAT5 remained unaffected even after extended treatment with C-1305 for 24 and 48 h. A significant decrease in STAT5 phosphorylation was noted only after 48 h exposure to 10 µmol/L C-1305. In U937 cells lacking FLT3 kinase, a short-term incubation (3 h) with increasing concentrations of C-1305 did not affect the phosphorylation and total expression of AKT, MAPK, STAT5, and Bad (Figure 4) . Moreover, the levels of phospho-and total AKT and phospho-and total Bad remained unchanged even during longer incubation times (24 and 48 h) with C-1305. In turn, a reduction of STAT5 phosphorylation was detected following C-1305 treatment, but only at higher doses (5 and 10 µmol/L), whereas the total level of this protein remained unchanged. Interestingly, a marked, time-and dosedependent decrease of the level of phospho-MAPK was detected, but the total MAPK level did not change.
C-1305 induces changes in the cell cycle progression of AML cells The progressive disappearance of Bad phosphorylation following C-1305 exposure indicated the induction of the apoptotic program in treated AML cells. Thus, we asked whether the inhibition by C-1305 of FLT3 kinase activity and its downstream targets (AKT, MAPK, and STAT5) had an impact on cell cycle progression and apoptosis of AML cells. As shown in Figure 5A and 5B, after C-1305 treatment at 5 µmol/L, the population of MV-4-11 cells (FLT3-ITD) in G 1 phase began to decrease from ~63% under control conditions (untreated cells) to ~32% after 72 h. The G 2 /M phase population was reduced after 24 h of treatment (from ~13% to ~7%); however, after 48 h this population increased again (to 19%) and decreased again after the next 24 h compared to the control (to 5%). The S phase population at 5 µmol/L remained relatively unchanged, and the sub-G 1 population progressively increased and reached ~48% and ~65% at 5 µmol/L and 10 µmol/L, respectively, after 72 h exposure ( Figure 5C ). Compared to Figure  5A and 5B). However, after the next 24 h, some of the cells were able to enter and complete mitosis, despite the presence of the drug, and this led to an increase in the G 1 phase cells (38%) after 48 h. Starting from 24 h of incubation with C-1305, a progressive accumulation of cells in the sub-G 1 compartment (35% after 72 h, Figure 5C ) was observed. In the U937 cells (null-FLT3) C-1305 treatment at 5 µmol/L resulted in a lower level of sub-G1 population (15% after 72 h) than was observed in the MV-4-11 and RS-4-11 cells ( Figure 5C ). Compared with the control, a time-dependent reduction of cells in the G 1 and S phases with a concomitant increase in the G 2 /M phase population was observed following C-1305 exposure (from above 11% to ~30% after 72 h) ( Figure 5A and 5B).
In summary, these data show a time-and dose-dependent increase in the sub-G 1 population (<2n DNA content) following C-1305 treatment, which is indicative of apoptosis. Moreover, C-1305 induced apoptosis earlier and to a greater extent in the MV-4-11 (FLT3-ITD) cells than in the U937 cells (null-FLT3) and the RS-4-11 cells (wild-type FLT3).
C-1305 induces apoptosis in AML cells
To confirm that apoptotic cell death was induced by C-1305 and to determine whether the cytotoxic effects of C-1305 were due to the induction of apoptosis in the AML cell lines, we conducted Annexin V binding assays using flow cytometry. We found a concentration-and a time-dependent induction of apoptosis in the cells after treatment with C-1305 ( Figure 6A and 6B). The greatest increase in early (Annexin V positive, PI negative) and late (Annexin V positive, PI positive) apoptotic cells occurred in the MV-4-11 cells (FLT3-ITD) in 5 and 10 µmol/L C-1305 following 72-h exposure and amounted to 76.7% and 99.4%, respectively. The increase in early and late apoptotic cells was also observed in RS-4-11 cells (wild-type FLT3), and the total proportion of dead cells reached ~80% following 72 h incubation with 10 µmol/L C-1305. The U937 Apoptosis induced by C-1305 is mitochondrial-and caspasedependent A drop in the mitochondrial membrane potential ∆Ψ m has been shown to participate in the induction of apoptosis [34] . To evaluate the role of mitochondria in C-1305-induced apoptosis, we investigated the ability of C-1305 to induce alterations in ∆Ψ m by measuring fluorescence of the cationic lipophilic dye, JC-1. 
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Acta Pharmacologica Sinica npg outer membrane allows the release of cytochrome c, which induces the activation of caspases [35] . Accordingly, treatment with 5 µmol/L C-1305 resulted in a time-dependent elevation of activated caspase-3 in MV-4-11 and RS-4-11 cells. After 72 h of drug exposure, caspase-3 activity was detected in 82% of FLT3-ITD cells (MV-4-11) and in 65% of cells with wild-type FLT3 (RS-4-11). In the U937 cells (null-FLT3), the population of cells with active caspsase-3 reached the level of 23% (Figure 8B) . Consistent with the activation of caspase-3, a dosedependent PARP cleavage (formation of the 89 kDa PARP fragment) was detected in MV-4-11 and RS-4-11 cells treated with increased C-1305 concentrations. In contrast, in U937 (null-FLT3) cells, PARP-cleavage was detected only at high doses of C-1305 and was less pronounced than in the two cell lines expressing FLT3 ( Figure 8C ). 
Discussion
It is estimated that one third of patients with acute myeloid leukemia have constitutively active mutant FLT3 receptor kinase (predominantly an ITD mutation), which is associated with a poor prognosis for AML treatment [36] . Therefore, receptor tyrosine kinase has become an attractive therapeutic target [37] . Several small molecule FLT3 tyrosine kinase inhibitors, including sunitinib, lestaurtinib, sorafenib, quizartinib, tandutinib, KW-2449, midostaurin and crenolanib are in devel- www.nature.com/aps Augustin E et al Acta Pharmacologica Sinica npg opment for the treatment of FLT3-mutated AML [38] . Although these inhibitors appear to have appreciable activity as single agents, and patients with FLT3-ITD mutations can respond if adequate drug levels are achieved, a large number of cancers are still resistant to the administration of single FLT3 inhibitors [39] . Therefore, to overcome the problem of this type of resistance, it is necessary to have a broad panel of FLT3 inhibitors that may be used in therapy interchangeably or in combination with standard chemotherapy. This in turn entails the need to search for new compounds that inhibit the activity of FLT3 tyrosine kinase [40] . In this study, we show for the first time that a promising topoisomerase II inhibitor, triazoloacridinone C-1305, in addition to its DNA-damaging properties, also targets FLT3 kinase, which reveals a novel mechanism that may be relevant for C-1305 anticancer activity. A detailed analysis of the antipro- We also studied the molecular mechanisms underlying the enhanced susceptibility of FLT3-ITD mutants to C-1305. We found that C-1305 substantially inhibited FLT3-ITD tyrosine kinase activity by decreasing its phosphorylation at the crucial Tyr591 in a time-and dose-dependent manner. The inhibitory effect on FLT3-ITD phosphorylation was observed by 3 h and was potentiated by prolonged drug treatment. After a 24-h exposure, 50% inhibition of FLT3-ITD phosphorylation was achieved at approximately 1 µmol/L of C-1305. The ITD mutation in the FLT3 receptor results in constitutively activated FLT3, which manifests in its autophosphorylation in the absence of exogenous ligand stimulation [28] . In contrast, phosphorylation of the wild-type FLT3 receptor takes place following binding of the exogenous FLT3 ligand [27] . We show that, in addition to significant blocking of ligand-independent phosphorylation of the constitutively active FLT3-ITD, C-1305 also decreased ligand-dependent phosphorylation of the wildtype FLT3 receptor; however, higher concentrations (between 1 and 5 µmol/L) were required for modulation of wild-type FLT3 than for FLT3-ITD. Independently, C-1305 at a higher concentration (10 µmol/L) reduced the total FLT3 protein level to a similar level in wild-type and FLT3-ITD expressing cells. Importantly, however, substantial (50%) inhibition of FLT3 phosphorylation, regardless of the kinase mutation status, occurred at a C-1305 dose range lower than that affecting the total level of FLT3. This in turn suggests that inhibition of both ITD-and wild-type FLT3 phosphorylation may result from the direct interference of C-1305 with the FLT3 receptor.
FLT3-ITD mutations result in the loss of the autoinhibitory function, with subsequent constitutive activation of FLT3 kinase and its downstream proliferative signaling pathways, including the PI3K/AKT, Ras/MAPK, and STAT5 [29] [30] [31] . Therefore, we next examined the effect of C-1305 on the FLT3-mediated signal transduction pathway. We found that the inhibition of FLT3-ITD was accompanied by a quick and robust abrogation of STAT5 phosphorylation accompanied by a less pronounced inhibition of MAPK phosphorylation. These results are consistent with the notion that signaling through constitutively activated FLT3 is mediated, at least partially, by the STAT5 and MAPK pathways [41] . Importantly, a decrease in STAT5 and MAPK phosphorylation occurred at a C-1305 concentration range similar to that required to inhibit FLT3-ITD activity. Although C-1305 exposure also led to a substantial decrease in the phosphorylation of AKT, this effect resulted from a reduction in the total level of AKT protein. Because there is no evidence that FLT3 kinase controls the total amount of AKT [42] , most likely C-1305 blocks the AKT pathway independently from FLT3-ITD signaling.
Consistent with the less potent inhibition of wild-type FLT3 kinase, the inhibitory effect of C-1305 on FLT3 downstream targets was weaker than in the FLT3-ITD mutant. C-1305 primarily affected the wild-type FLT3/MAPK signaling axis and to a less extent the AKT pathway. In contrast to FLT3-ITD mutants, signal transduction involving STAT5 was unaffected for an extended time of treatment. These results are in agreement with observations that in AMLs the downstream signals of wild-type FLT3 and FLT3-ITD are not identical; for example, wild-type FLT3 following ligand stimulation transduces mainly MAPK but not STAT5 [41] . Unlike in cells expressing FLT3, C-1305 exposure did not evoke immediate changes in cellular signaling in cells lacking FLT3 kinase, consistent with the decreased sensitivity of those cells to C-1305. Drug treatment mainly affected FLT3-independent MAPK activation and At the cellular level, C-1305-induced inhibition of prosurvival pathways led to a progressive decrease of FLT3-ITD mutants in the G 1 phase of the cell cycle followed by massive apoptosis. The loss of FLT3-ITD activity resulting in STAT5 and MAPK inactivation correlated with a decrease in the inhibitory phosphorylation of the pro-apoptotic Bad protein and increases in caspase-3 activation, PARP cleavage, loss of mitochondrial membrane potential, and phosphatidylserine externalization. Moreover, the observation that an siRNAmediated decrease in FLT3 expression partially rescued FLT3-ITD mutants from C-1305-induced cytotoxicity supports the idea that inhibition of FLT3-ITD is important for the increased activity of C-1305 against leukemia cells carrying FLT3-ITD mutations. Wild-type FLT3 mutants treated with C-1305 were temporarily arrested in the G 2 /M compartment, and their apoptotic response to C-1305, consistent with a less profound inhibition of wild-type FLT3-mediated MAPK and AKT signaling, was less intense than that of the FLT3-ITD mutant. Together, these results indicate that the effect of C-1305 on FLT3, regardless of its mutation status, causes the induction of apoptotic cell death. In contrast, C-1305 treatment of cells without FLT3 kinase led to an increase in cells in the G 2 / M phase, and despite the evident inhibition of the MAPK pathway, these cells were significantly less prone to undergo apoptosis in response to C-1305. This implies that the direct inhibition of the FLT3-independent MAPK signaling pathway is insufficient to induce apoptosis by C-1305. These observations are consistent with results of studies showing that a potent inhibitor of FLT3, sorafenib, triggered the death of null-FLT3 U937 cells independent of the inactivation of the MAPK cascade [43] . Our results indicate that triazoloacridinone C-1305 inhibits ITD-and wild-type FLT3 kinase in leukemia cells when applied at micromolar concentrations, whereas several FLT3 inhibitors, including Lestaurtinib, Sunitinib, Sorafenib, and AC220 block FLT3 activity in vitro at concentrations between 1-50 nmol/L [44] . This comparison indicates that C-1305 is a less potent inhibitor of FLT3 than the clinically tested compounds. However, we emphasize that C-1305 is primarily a topoisomerase II inhibitor, and its major mechanism of action affects the structure and function of DNA [19] . The ability of C-1305 to inhibit FLT3 kinase is important, but it is not the only mode of action of this compound. Nevertheless, in this study, we have uncovered the multi-target potential of C-1305; affecting both topoisomerase II and FLT3 may be relevant for the overall activity of C-1305 as an anticancer compound.
In conclusion, our findings indicate that the FLT3 kinase seems to be a potential new target for triazoloacridinone C-1305. C-1305 was capable of inhibiting autophosphorylation of both ITD and wild-type FLT3, although blocking the FLT3-ITD activity was more persistent and translated into more apoptosis of cells carrying the FLT3-ITD mutation following long-term drug exposure. Significantly weaker apoptosis was observed in cells lacking FLT3 expression. Regardless of the FLT3 mutation status, the range of C-1305 doses required to inactivate FLT3, similar to that affecting the signaling pathways and triggering apoptosis, supports the notion that inhibition of FLT3 may account for the cytotoxic activity of C-1305 against leukemia cells. Further studies are needed to evaluate this drug as a promising antitumor agent for AML therapy.
